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Introduction

The theory for the impedance, the radiation resistance, and the radiation

pattern for both dipole and loop antennas at VLF in a plasma was formulated in

the early 1970's [Wang and Bell, 1970, 1972; Bell and Wang, 1971].

Measurements of the impedance of electric dipole antennas in the low

voltage linear regime have been performed using both rocket and satellite

probes (Liephart et al., 1962; Shawhan and Gurnett, 1968; Grard and Tunaley,

1968; Gurnett et al., 1969; Koons et al., 19701. These measurements showed

that the impedance of the plasma sheath surrounding the antenna elements

dominated the impedance at the antenna terminals. Shkarofsky [1972] developed

a quasistatic nonlinear sheath model which he used to compute the impedance of

an electric-dipole antenna driven at voltages much larger than plasma poten-

tial.

Measurements of the nonlinear impedance were made on a 32-m dipole at

voltages up to 100 V peak-to-peak at seven frequencies from 400 Hz to 14 kHz

on the OVI-21 satellite by Koons and McPherson [1974]. The magnitude of the

impedance was in excellent agreement with Shkarofsky's model. However, the

phase was found to advance with increasing voltage drive and increasing fre-

quency. This phase advance implied an inductive reactance in the circuit.

This result was contrary to existing nonlinear sheath models which predicted

an increasing capacitive reactance as frequency and voltage increase

[Shkarofsky, 1972; Baker et al., 1973].

The conclusion from the OVI-21 impedance measurements was that an elec-

cric-dipole antenna could not be resonated using a fixed reactance because

nonlinear plasma effects caused significant changes in the impedance of the
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antenna circuit on a time scale that is shorter than the period of the applied

signal. The theory for a loop antenna in an ionospheric plasma predicts that

the resonant frequency will only shift about I part in 104 [Wang and Bell,

1972].

Plasma Chamber Tests

A scale-model loop antenna was operated in a 5-m diameter space plasma

simulation chamber at the NASA Lewis Research Center. The antenna parameters

are listed in Table 1. The objectives of the test were to measure the abso-

lute value of the complex impedance, the resonant frequencies, and the near

fields of the antenna. The thermal properties of the structure and plasma

instabilities generated by the VLF fields were also measured.

The measurements were made in an argon ion plasma under two conditions.

A relatively uniform density of 8 x 104 elec/cm3 was produced using four

plasma guns. A higher density of 1.2 x 106 elec/cm 3 was produced at the

antenna by augmenting the plasma guns with a plasma thruster at one end of the

chamber. The thruster produced a directed flow along the axis of the chamber

with a density gradient of 106 elec/cm3/m. The electron density and tempera-

ture were measured by four Langmuir probes placed about the antenna. In the

low density plasma the electron temperature was 1.1 eV. In the high density

plasma the temperature was 0.6 eV. Helmholtz coils provided a 0.4 G field

parallel to the axis of the cylindrical vacuum chamber.
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Table 1. Scale-Model Antenna Parameters

Diameter 110 cm

Height 66 cm

Weight 60.5 kg

Copper Tubing 3/8 in 0. D.

Turns 37

Structural Material Lexan
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Results

One of the major results of the measurements was the confirmation that

the resonant frequency of the tuned antenna circuit is insensitive to the

plasma density. Fig. I shows typical resonances in the antenna current for

the antenna in the plasma. These measurements were made by sweeping the

frequency at a constant amplifier voltage. Below a plasma wave instability

threshold a smooth curve is obtained. Above that threshold, which occurs at

an antenna current of 8.6 A r.m.s. in Fig. 1, the circuit resistance abruptly

increases. There is only a slight shift in the resonant frequency. The

resonant frequency for three different values of the tuning capacitance is

shown in Fig. 2. Even in the absence of the plasma the resonant frequency

depends upon the orientation of the antenna in the tank. The resonant fre-

quency is slightly lower when the axis of the antenna is perpendicular to the

axis of the tank. At 500 Hz the shift in the resonant frequency is smaller

than the resolution (- 5 Hz) of the measuring instruments over the entire

range of plasma densities and antenna orientations. At 7000 Hz there is a

shift of about 20 Hz or 3 parts in 103 at the highest density.

The series resistance of the circuit at resonance is the r.m.s. voltage

divided by the r.m.s. current. The histogram in Fig. 3 shows this series

circuit resistance as a function of frequency for the antenna in vacuum and

for the two plasma densities. Table 2 shows the drive current for each condi-

tion. At the lower frequencies the resistance is almost unaffected by the

plasma. At the higher frequencies the resistance increases as the density

increases.

Using available tuning capacitors, the resonant frequency of the circuit

12
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Fig. 1. Antenna current as a function of frequency at two voltage levels.

The higher current curve shows the result of a sudden change of the Q

of the resonance circuit at about 8.5 A.
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Fig. 2 Resonant frequency of the antenna circuit as a function of the angle

between the antenna axis and the imposed external magnetic field f or

the antenna in vacuum and at plasma densities of 5 x 14and I x 106

cm-3 for three different values of the tuning capacitance: (a)

79 Uf, (b) 22 uf, and (c) 6.3 uf.
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Fig. 3 Histogram of the antenna circuit series resistance at resonance for

the five frequencies and three plasma conditions used in the plasma

chamber tests.
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Table 2. Drive current in Amps r.m.s.

for the data shown in Fig. 3

FREQUENCY, Hz

500 990 1845 3750 6860

Vacuum 27.0 23.5 21.4 14.0 10.4

8 x 104 25.2 25.1 23.4 23.4 10.1

1.2 x 106 25.5 25.0 24.1 11.1 5.7
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could only be changed in discrete steps that were approximately an octave

apart. For this reason it was not possible to sweep in frequency to look for

impedance effects near the lower-hybrid-resonance frequency (LHR). The LHR

was 3.7 kHz at the lower density and 4.1 kHz at the higher density. The data

in Fig. 3 suggest that the increase in series resistance may in part be re-

lated to the LHR. Well below the LHR the resistance was insensitive to den-

sity, while above the LHR, in the frequency range where the index of refrac-

tion has a resonance cone, the resistance increased with density. This large

increase in series resistance is not predicted by existing theory [Wang and

Bell, 1972].

The increase in circuit resistance was accompanied by an increase in

plasma turbulence. Fig. 4 shows the plasma wave spectrum from 0 to 20 MHz on

a small electric field probe in the plasma. The data were taken at a nominal

electron density of 1.2 x 106 elec/cm3 . Fig. 4a shows the background spectrum

in the plasma in the absence of antenna current.

The line near 9 MHz in Fig. 4a and 12 MHz in Fig. 4b is an EMI line that

is not related to the antenna measurements. The feature from 14 to 16 MHz

appears when the plasma thruster is turned on. It is most likely related to

the plasma frequency in the higher density region near the aperture of the

thruster.

Fig. 4b shows the spectrum with the VLF antenna carrying 22.4 A at 1843

Hz. The broad feature near 9 MHz peaks near the plasma frequency. The

"picket fence" structure in the spectrum is an artifact of the data presenta-

tion. The sweep rate of the spectrum analyzer was 5 ms/division. At 1843 Hz

that is about 0.1 division per cycle. That is the spacing of the "picket

fence" structure. We conclude that the wave turbulence in the MHz frequency

17
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range is being modulated almost 100% by the VLF signal on the antenna.

The increase in the circuit resistance is most likely due to power lost

to plasma wave turbulence. The wave diagnostics were not designed to identify

the wave modes. Scarf and Fredericks [1972] have described an energy dissipa-

tion process induced by large amplitude electric fields and by the transient

production of unstable plasma distributions. These effects can not be quanti-

tatively evaluated by theoretical analysis because the loop antenna geometry

is too complex.

The a.c. magnetic field component of the near field was measured by small

search coils at several locations about the antenna. The near magnetic field

was directly proportional to antenna current and independent of the plasma

density as expected from Ampere's law in Maxwell's equations.

Summary

A loop antenna configuration is being defined for a transmitter to radi-

ate VLF waves within the ionosphere. A one-third scale model was tested in a

space-plasma simulation chamber at NASA Lewis Research Center.

The following results were obtained:

1. The resonant frequency of the antenna circuit was insensitive

to the plasma density.

2. The series resistance of the circuit increases in the

plasma. This increase is small below 1 kHz and large above 3

kHz. The increased resistance is attributed to power lost to

plasma turbulence.
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3. The intensity of the ac magnetic-field component in the near

field of the antenna in the plasma is unchanged from its

value in free space.

4. The impedance of the antenna is insensitive to the rotation

angle with respect to the dc magnetic field. In particular

no significant impedance variations occurred at angles of 0

and 90%

These tests confirm that a full size antenna can be tuned using fixed

capacitance. The losses to be expected from plasma turbulence with the full

size system cannot be readily extrapolated from the scale model tests. In

particular the voltage across the terminals of the full size antenna will be

significantly larger than the voltages across the terminal of the model.
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LABORkATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-

imental and theoretical investigations necessary for the evaluation and applica-

tion of scientific advances to new military space systems. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in

dealing with the many problems encountered in the nation's rapidly developing

space systems. Expertise In the latest scientific developments Is vital to the

accomplishment of tasks related to these problems. The laboratories that con-

tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry a odynamics and heat
transfer, propulsion chemistry and fluid mechanics, structurI mechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymers, and new forms of carbon; comnonent failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space environment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability In enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the atmosphere, density and composition of the upper atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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